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We study the question of whether spontaneous U{1)r breaking can occur in O'Raifeartaigh- 
type models of spontaneous supersymmetry breaking. We show that in order for it to occur, 
there must be a field in the theory with R-charge different from or 2. We construct the 
simplest O'Raifeartaigh model with this property, and we find that for a wide range of pa- 
rameters, it has a meta-stable vacuum where U(1)r is spontaneously broken. This suggests 
that spontaneous U(1)r breaking actually occurs in generic O'Raifeartaigh models. 
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1. Introduction 



Recently, there has been a revival of interest in low-scale SUSY model building using 
renormalizable, perturbative models of spontaneous supersymmetry breaking - i.e. gen- 
eralizations of the O'Raifeartaigh model |l| - in the hidden sector P-ITOfl. This has been 



motivated in part by the realization that O'Raifeartaigh- type models can arise naturally 
and dynamically in the low-energy limit of simple SUSY gauge theories such as massive 
SQCD 0. 

In all of the recent model building attempts, one common theme has been the R- 
symmetry. According to |T^], this must exist in any generic, calculable theory of spon- 
taneous F-term supersymmetry breaking; but at the same time, it must be broken in 
order to have nonzero Majorana gaugino masses. Because the vacuum of the simplest 
O'Raifeartaigh models preserves the R-symmetry (for a recent review of this and other 
facts about O'Raifeartaigh models, see e.g. the models built to date have focused 



on two mechanisms for breaking the R-symmetry, both of which involve modifying the 
O'Raifeartaigh model in some way. These are: adding explicit R-symmetry violating op- 
erators to the superpotential; or gauging a flavor symmetry and using gauge interactions 
to spontaneously break the R-symmetry. Neither of these mechanisms for R-symmetry 
breaking are completely free of problems. Explicitly breaking the R-symmetry tends to re- 
store supersymmetry, and this can sometimes lead to tension between having a sufficiently 
long-lived meta-stable vacuum and having sufficiently large gaugino masses. (This is not 
always a serious problem; see e.g. the recent model of H.) Meanwhile, using gauge interac- 



tions to spontaneously break R-symmetry typically leads to an "inverted hierarchy" |14 
which is problematic for models of low-scale SUSY breaking. One can achieve spontaneous 
R-symmetry breaking without the inverted hierarchy (see for instance the early model of 
[fT5f| , and more recently HU ) , but this seems to generally require significant fine tuning of 
the couplings JTEj] . 

In this paper, we propose to consider a much simpler mechanism for R-symmetry 
breaking, namely using the perturbative dynamics of the O'Raifeartaigh model itself to 
spontaneously break U(1)r. 

To see how this could come about, recall that in O'Raifeartaigh-type models, there is 
always a pseudo-moduli space, i.e. a continuous space of supersymmetry-breaking vacua 
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with degenerate tree-level vacuum energies ||17|1 . For simplicity, we will focus on mod- 
els with a single pseudo- modulus X. Expanding around the pseudo-moduli space, the 
superpotential of such models can always be put in the form 



W = fX + ]-{M ij + XN ij )fafa + ... (1.1) 



so that the pseudo-moduli space occurs at (pi = 0, with X arbitrary. Here X and the 
4>i are chiral superfields, and . . . denote possible cubic interactions amongst the fa fields. 
These are irrelevant for the calculation of the one-loop Coleman- Weinberg potential, which 
depends only on the mass matrices of the fa superfields evaluated at fa = (assumed to 
be positive definite in a neighhborhood around X = 0): 

The R-symmetry present in ( |1 . 1| ) implies that R{X) = 2, and guarantees that to leading 
order around X = 0, the effective potential takes the form 

V e f f = V Q + m\\X\ 2 + 0(\X\ 4 ) (1.3) 

The sign of m x then determines whether or not the R-symmetry is spontaneously broken. 

In section 2, we derive a general formula for m x in terms of the matrices M and N 
appearing in (LI). We observe that m x can in general have either sign, and we show that 



a necessary condition for m x to be negative is that there exists a field fa in ( |1 . 1| ) with 
R-charge other than or 2. 

In section 3, we construct the simplest O'Raifeartaigh model with this property: a 
model with chiral fields ^1,2,3 having R-charges —1, 1 and 3 respectively, and superpotential 

W = XXfafa + rmfafa + -m 2 (j>l + fX (1.4) 

We show that for a wide range of parameters, m x < and there is a local minimum of 
the potential with X ^ and spontaneously broken R-symmetry. Interestingly, this model 
has runaway behavior at large fields, so the vacuum we find at X 7^ is only meta-stable. 
However, it can be made parametrically long-lived in the limit y = \Xf /m\m2\ — > 0. 

Finally, in the appendix, we provide a few consistency checks of our general formula 
for m x . We apply our general formula to a few well-known examples which we believe are 



representative of the O'Raifeartaigh models used so far in model building. This includes 
the original O'Raifeartaigh model [|1], 
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W = fX + m0i0 2 + -hX(f>i (1.5) 



as well as Witten's SU(5) "inverted hierarchy" model ||14| , and the simplest version of the 
"rank condition" models of [JTJ. In all of these models, all of the fields have either R = 
or R = 2, and consequently, the R-symmetry remains unbroken. 

The fact that spontaneous R-symmetry breaking already occurs (for some range of the 
couplings) in the simplest model with more general R-charge assignments suggests that it 
actually occurs (again, for some range of the couplings) in a generic O'Raifeartaigh- type 
model. One reason this may have gone unnoticed until now is that many, if not all, of 
the O'Raifeartaigh models considered to date (such as the ones in the appendix) share the 
highly non-generic R-charge assignments (R = or R = 2) of the original model (|1.5|) . 

The possibility of spontaneous R-symmetry breaking in O'Raifeartaigh models opens 
up many new directions which would be interesting to explore. For instance, it would be 
useful to find more examples of O'Raifeartaigh models with spontaneous R-symmetry 
breaking, especially ones with larger global symmetries. One interesting question is 
whether the runaway behavior seen in the example ( |1.4| ) is a general feature of these 
examples. Also, it would be interesting to explore the "retro-fitting" of these models along 
the lines of H , and to search for simple, asymptotically-free UV completions along the lines 



of 1 11]. Finally, the application of these ideas to phenomenology is a promising direction 
which could potentially lead to new models of supersymmetry breaking, especially models 
of low-scale direct mediation. 



2. General results for O'Raifeartaigh models 

2.1. A general formula for m? x 

Let us start by defining our class of models ( |1.1| ) more precisely. As described in the 
introduction, we will consider the most general O'Raifeartaigh type model with a single 
pseudo-modulus X and an R symmetry. Thus, we have a renormalizable Wess-Zumino 
model consisting of a chiral superfield X and n chiral superfields (pi, with canonical Kahler 
potential and superpotential 

W = fX + ^(M ij + XN^foh (2.1) 
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Here M and N are symmetric complex matrices, and we will assume that detM 7^ 0. We 
will take / to be real and positive without loss of generality. The R-symmetry implies that 
R(X) = 2, and it constrains the form of M and N: 



M ij ^ => R(fa) + R(fa) = 2 ; N ij ^ R(fa) + R(fa) = 



(2.2) 



Combining this with detM 7^ 0, we see that, in a basis where fields of the same R-charge 
are grouped together, M must have the block form 



/ 



M 



Mo 



MA 



Ml 



(2.3) 



/ 



where the Mj are individually square, non-degenerate matrices. One consequence of this 
(which we will need in the next paragraph) is that M _1 has the same block form as M 
and so it also satisfies the same relations ( |2.2|) as M. 

Another important consequence of the R-symmetry is that it implies that supersym- 
metry is broken. We can prove this with a direct computation of det(M + XN). Super- 
symmetry is broken if this quantity is nonzero and independent of X, since then the fa 
F-terms and the X F-term are incompatible. We find: 



det(M + XN) = exp (Tr log(l„ + XM^N)) detM 



exp 



V ( ^ Tr (M~ 1 N) k ] detM 
k>i 



(2.4) 



(M~ 1 N) i j is nonzero only if R(fa) - Rfa) = 2. Thus 



By the R-symmetry relations (^ 
any power of M~ 1 N will have vanishing diagonal entries, and so the traces in (|2.4|) all 
vanish. Therefore, 

det(M + XiV) = detM ^ (2.5) 



and supersymmetry is broken. Note that this is a stronger statement than that of [ 12 ], 
which argues that an R-symmetry is only a necessary condition for spontaneous F-term 
supersymmetry breaking in a generic WZ model. Here we have seen that for O'Raifeartaigh 
models (|2.1|), the R-symmetry is also a sufficient condition for supersymmetry breaking. 



The point is that the models (|2.1| ) are not completely generic; in particular, all the terms 
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are at most linear in X. (They can be made "generic" if we also impose an obvious Z2 
symmetry in addition to the R-symmetry.) 

The scalar potential of this model has a one-dimensional space of extrema given by 



0i = 0, X arbitrary, V = f (2.6) 

This may or may not be the absolute minimum of the tree-level potential, depending on 
the details of M and N. In particular, there could be other, lower energy pseudo-moduli 
spaces with 0j 7^ 0, and there could also be runaway behavior at large fields. However, 
we will assume that the couplings are such that (|2.6|) is at least a local minimum of the 
potential in a neighborhood around X = 0. 

The R-symmetry implies that the effective potential V e f / on the pseudo-moduli space 
has an extremum at X = 0: 

V eff = V e// (|X| 2 ) = const. + m 2 x \X\ 2 + 0(\X\ 4 ) (2.7) 

Our goal in this subsection is to derive a general formula for m 2 x in the one-loop approxi- 
mation. We will do this by expanding the usual Coleman- Weinberg formula 

V ^f = ^(-^M l io g ^ (2.8) 

to quadratic order in X. Here M 2 is shorthand for Ai% and M. 2 F , the mass matrices of 
the scalar and fermion components of the superfields <pi, respectively: 

fw\w kj W ] -,W k \ — 

M * = wiwt w f w t )=( M + XN ) + f N 



1 w ik w ] kj 1 



(2.9) 



where W l = dW/dcfri, etc., and we have defined 

Note that we are taking X to be real, which suffices for extracting m 2 x , according to (| 
In order to expand ( |2.8| ) in X, it helps to rewrite it in the following form: 



Substituting (|2.9| ) into (|2.11| ) and expanding to order X 2 , we obtain (after an integration 
by parts) 



m 2 x 



16tt' 



A 

Tr / dv v c 



o 



1 



v 2 + M 2 + fN 



N 2 - -{M, N} 



1 



v 2 + M 2 + fN 



{M, N} 



1 



N 2 - -{M, N] ^-{M, N] 

v 2 + M 2 V 2 v 2 +M 2 



We can simplify this formula by expressing it in terms of 



[2.12) 



F{v) = (v 2 + M 2 )~ 1 fN 
After using (|2.2|) to eliminate some of the resulting terms, we arrive at 



m 2 x 



16tt 2 / 2 



dvv 6 Ti 



1 - F(v) 2 



l-F(v) 2 



M 



(2.13) 



(2.14) 



This is our final expression for the mass-squared of X around the origin. In the appendix, 
we will provide some consistency checks of (|2.14| ) by applying it to some well-studied 
examples. Some comments on this result: 

1. Except in the simplest models, this formula generally provides a more efficient means 
of computing m 2 x , compared with first diagonalizing the mass matrices, computing 
the Coleman- Weinberg potential, and then expanding in X. 

2. ( p.l4j) is a difference of two non-negative quantities, 



m \ = M 2 - M 2 



(2.15) 



where 



M 2 



167T 2 / 2 



M. 



2 8n 2 f 2 



OO 



dvv^Th: 



o 



l-F{v) 2 J 



(2.16) 



In the absence of any inequalities relating these quantities, m 2 x will be of indefinite 
sign. This raises the possibility of spontaneous R-breaking in an O'Raifeartaigh type 
model, without the need for gauge interactions. In the next subsection, we will derive 
a necessary condition which must be satisfied in order for this to occur. 
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2.2. R-charge assignments and spontaneous U(1)r breaking 

We claim that in O'Raifeartaigh models where all fields have R-charge either or 2, 
M| = and m 2 x = M 2 > 0. Thus, in order for m 2 x to be negative, there must be at least 
one field in the theory with R-charge other than or 2.1 

The proof is straightforward. If all of the 4>i have R-charge either or 2, then according 
to flO), N and M must take the form 



M 





M T 2 



M 02 




N 



Nqq 





[2.17) 



in a basis where the fields with R-charge and 2 are grouped together into blocks. Hence, 



M 



( 








M * 2 \ 
















M 02 








\<2 








o / 



N 



( 


^oo 

V o 



N, 









t 

oo 









o\ 




0/ 



(2.18) 



Substituting into (|2.13|) , we find that T has the same block form as N: 



f 





^00 


o\ 














^00 











V o 








0/ 



(2.19) 



Finally, substituting into (|2.16|) gives 



T 2 — \ : 
-M 



\-T 2 ) 



/o 




Vo 






-^OO^oo 





Mi 



02 










ct - 
00" 



"•^nn-^OO 



M* 2 \ 









(2.20) 



so M| vanishes. Meanwhile, 



Tr 



\-T 2 



2Tr 



00 J 



1 — ^oo^oo 



> 



(2.21) 



so m 2 x = is non-vanishing and positive. This completes the proof of the claim. 



1 Note that if the theory has other global U(l) symmetries, then any combination of these with 
the R-symmetry is also an R-symmetry. So a more precise statement of our claim is: if there is 
some choice of the R-symmetry such that all the fields have R = or R = 2, then m 2 x = Mf > 0. 
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The class of O'Raifeartaigh models where all fields have R = or R = 2 may seem 
very non-generic, but it actually characterizes many (if not all!) of the O'Raifeartaigh 
models studied in the literature. In all of these models, the R-symmetry was found to be 
unbroken in the vacuum, and now we see that this is a direct consequence of the R-charge 



assignments. (An earlier hint of this came from the work of ||18|| , who showed that the 
R-symmetry is unbroken in a particular subset of models of this type.) The examples in 
the appendix will illustrate this point in detail. 



3. The simplest O'Raifeartaigh model with spontaneous U(1)r breaking 
3.1. The model and its vacuum 

We have seen that a necessary condition for spontaneous R-symmetry breaking in 
O'Raifeartaigh models is that there is a field with R-charge other than or 2. In this 
section we will construct and analyze the simplest O'Raifeartaigh model of this type. We 
will see that, indeed, spontaneous R-symmetry breaking occurs in this model for a wide 
range of the parameters. 

Our "simplest model" is constructed in the following way. Suppose we have a field 
</>i, in addition to X, with R((pi) = n. This field must have a mass term, so there must 
be another field (f>3 with R{4>^) = 2 — n. In addition, it should feel the SUSY breaking, so 
there must be a field <p 2 with R((p 2 ) = —n to allow for the coupling X(pi(p 2 . Finally, (p 2 
needs a mass term, so there must be a field (p^ with -R(</>4) = 2 + n. Thus we need at least 
four fields in addition to X - except in the degenerate cases n = and n = ±1. When 
n = 0, (pi and <p 2 can be identified, as can 03 and <p4. This is the original O'Raifeartaigh 
model. In the cases n = — 1 or n = 1, <p4 or </>3 are redundant, respectively. The two are 
equivalent after a trivial field redefinition, so we will take n = — 1 without loss of generality. 
The most general renormalizable superpotential consistent with the R-symmetry is: 

W = AX0i0 2 + mi0i0 3 + -m 2 </>2 + fX (3-1) 

This is the simplest O'Raifeartaigh-type model containing a field with R ^ 0, 2. 
The scalar potential is 

V = |A</>i</>2 + /| 2 + \\X(j) 2 + m 1( p 3 \ 2 + |AA>! + m 2 (f) 2 \ 2 + |mi</>i| 2 (3.2) 
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By rotating the phases of all the fields, we can always take all the couplings to be real and 
positive, without loss of generality. The extrema of the potential consist of a pseudo-moduli 
space 

0i = 0, X arbitrary (3.3) 
In addition, there is runaway behavior as $3 —>■ 00 

2 ,2\V3 / r2 \ V 3 / i x X 1 / 3 

m\m2<p3 \ x I J 777,2 \ X I J m i < p3 



(3.4) 

As a check, note that the scaling exhibited in (|3.4|) is consistent with the R-symmetry. 

The runaway behavior at large fields implies that the pseudo-moduli space is not an 
absolute minimum of the potential. However, as long as 

1*1 < r-^f w> 

the pseudo-moduli space is a local minimum of the potential. Here we have defined 

y = (3.6) 

17111712 

For \X\ larger than the bound, a linear combination of the fa fields becomes tachyonic, 
and the system can roll down classically into a runaway direction. 

Note that for y > 1, the pseudo- moduli space is unstable for all X, while for y < 1 
there is some neighborhood around X = which is stable. The size of this neighborhood 
grows monotonically as y — > 0. 

Now let us compute the mass-squared of X around the origin. In this simple example, 
it is straightforward to compute directly the full Coleman- Weinberg potential, and then 
expand around the origin to extract m 2 x . However, let us compute it using the general 
formula ( |2.14| ), so that we can see the effect of having a field with R 7^ 0, 2. The matrices 
M and N in Q are 

/ 



M 








A 




)■ -1 


X 









Ko 








(3.7) 



Substituting into ( |2.13| )( pTT4]) , we find that both terms of (|2.14|) are now nonzero - a 
consequence of the fact that there are fields with R 7^ 0, 2 in the model. The expressions 
are quite complicated, but they simplify in the small y limit: 

2 _ mfAV r 2 (-4r 2 log r + r 4 - 1) 4 
Ml ~ p _ i)3 + U W ) 



(3.1 

*j2 _ m 2 AVr 4 ((r 2 + l)logr-r 2 + l) 4 ^ 
M2 ~ (r 2 - 1)3 + U{V > 
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where we have defined r = m-i /m\. Their difference is 

m \ = Ml - Ml = - m W r2(2r2(r2 + 3 > |2| r _~ ^ - 2r2 - 1)1 + Ofa*) (3.9) 



A plot of the function of r appearing in ( |3.9| ) is shown in figure 1. We see that for small 
r, m x is positive, while for large r it is negative. The turnover point is at 

r = r* « 2.11 (3.10) 

This is valid in the small y limit; more generally, r* is a function of y. 

We have shown that for r > r*, the mass-squared of X is negative around the origin, 
but we still need to check that there is a local minimum with 1^0. Let us check this 
analytically, again in the small y limit. Expanding the effective potential to 0(|A| 4 ), we 
find 

V e ( j] = const. + m 2 x \X\ 2 + ^X X \X\ 4 + 0(\X\ 6 ) (3.11) 

where 

. 3AVr 2 (12r 2 (r 4 + 5r 2 + 2)logr-19r 6 -9r 4 + 27r 2 + l) 4 

A ^ = -^2 ( r 2 _ !)5 + <-%) (3.12) 

For r > r*, m 2 ^ < 0, but Ax is strictly positive. Balancing the quadratic and quartic 
terms, we find a local minimum at 

|x|2 w = ^ /(r) (3 ' 13) 



. 002 




Figure 1: A p7ot of m 2 x vs. r = mi/mi in the small y = Xf /mirri2 limit. We see that for 
r > r* ~ 2.11, the mass-squared of X around the origin is negative, and the R-symmetry is 
spontaneously broken. 
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Since f(r) is a monotonically increasing and unbounded function of r > r*, satisfying 
/(?"*) = 0, this approximation is valid for some range of r above r*, where \X\ is sufficiently 
small that the expansion ( |3.11| ) can be trusted. Note that ( |3.13|) implies that \X\ is 0(y ) 
in the y — > limit, so by taking y parametrically small, we can always satisfy the tachyon- 
free bound (|3.5|) . We conclude that, at least for infinitesimal y and some range of r above 
r*, and there is a local minimum of the potential at |X| 7^ 0. 

For more general values of the parameters, the analytic approach to minimizing the 
potential becomes intractable. However, for a given set of couplings (r, y), it is straight- 
forward to numerically minimize the full one-loop Coleman- Weinberg potential. One can 
then scan over a grid of couplings and determine the region in coupling space where the 
minimum of the potential breaks U(1)r and satisfies ( |3.5|) . The result of such a numerical 
analysis is shown in figure 2. 

To summarize, we find that for a wide range of parameters there is a local U(1)r- 
breaking minimum of the potential at X 7^ and satisfying ( |3.5| ). A plot of the full one- loop 
effective potential is shown in figure 3 for a representative choice of the parameters. In 
general, X ~ C?(m*) where m* is some characteristic mass scale of the model determined by 
mi, vri2 and /. Therefore, this is spontaneous [/(l)^-breaking without inverted hierarchy. 
This could be useful for low-scale model building, especially since the more conventional 
approach of gauging a flavor symmetry seems to lead to a non-hierarchical £/(l)^-breaking 



phase only in a relatively narrow window of coupling space |L6 



Figure 2: A plot of the region (shown in white) in the r, y plane where there is a U (1) R-breaking 
local minimum of the potential satisfying (fJT 
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Vef f 




Figure 3: A plot ofvQl vs. \X\ for the theory ( O ) with mi = 1, m 2 = 4, A = 1, y = 0.2. The 



R-breaking local minimum of the potential occurs at \X\ ~ 1.3. According to the bound ( |3.<5| ), a 
transverse direction (a linear combination of the (j>i fields) becomes tachyonic for \X\ > 2.4. 



3.2. Lifetime estimate 

Finally, let us briefly discuss the lifetime of the R-symmetry breaking vacuum found 
in the previous subsection. This vacuum is only meta-stable, because of the runaway 



directions at large fields (|3.4| ). However, we expect that the lifetime of the vacuum is 
controlled by the parameter y, and in the small y limit it is parametrically long-lived. We 
can estimate the lifetime by noting that along the runaway direction ( |3.4| ), the value of 
|X| at which the potential energy becomes equal to the false vacuum energy \f\ 2 is 



(3.14) 



For smaller values of |X|, the potential energy is larger than f 2 along the runaway direction. 
So this indicates that the barrier width scales like y _1 (since the meta-stable vacuum is 
at X ~ O(y ) according to ( |3.13| )). Since the barrier height is C(y°), this is enough to 
guarantee that the meta-stable vacuum is parametrically long-lived in the y — > limit. 
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Appendix A. Some examples 

In this appendix, we will apply our general formula for m 2 x ( |2.14| ) to some of the most 
well-studied O'Raifeartaigh-type models, which all happen to have the property that all 
fields have either R = or R = 2. This will serve as a consistency check of the above 
calculations. In all of the examples, we will assume without loss of generality that all the 
couplings are real and positive. 



A.l. Example 1: the original O'Raifeartaigh model 

The first example is the basic O'Raifeartaigh model. The simplest generalizations of 



this model were featured in some of the earliest SUSY model building attempts [19-21,15 



W = -hX(j)\ + mfafa + fX 
2 



(A.l) 



Here R(X) = R{4>2) = 2 and R{4>i) = 0. When y = ^4 < 1, the pseudo-moduli space is 

1 0* 




PD, with M = m(^ 1 J^andA^ = /i 



From this, we find 



( 








hf 


°\ 


v' 2 -\-m' 2 


















hf 













v 2 -\-Tn' 2 




\ 








0/ 



(A.2) 



Substituting into ( |2. 14J ) , we see that the second term is zero, while the first term is nonzero, 
yielding 

2/ 4 /iV 



16tt 2 / 2 



dv 



(v 2 + m 2 ) 2 ({v 2 + m 2 ) 2 — h 2 f 2 ) 



h 2 m 2 
32tt 2 



(A.3) 



■^((l + yf log(l + y) - (1 - yf log(l - y) - 2y) 



which is the expected (positive) result. 

What about when y > 1? Although the potential is minimized along a pseudo-moduli 

space 

ira 



hX 



m 



h = ± l fV2(y-^T) 



X arbitrary 



(A.4) 



which is not of the form ( |2.6| ) , the general formula ( |2.14| ) for m 2 x can still be applied after 
performing a unitary transformation and constant shift on the fields. Specifically, we take 



im l— r 

^±—^2(2/-! 



h 



cp 2 

X 



cos 9 =Fz sin 9 
=F« sin 9 cos 9 



q>2 
X 



(A.5) 
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with cos 6 = /2 and this yields a superpotential of the form 



W = \hXfa{ + mfafa + fX + X -\%\fa (A.6) 



where 



~h=-*, m = m^T, / = /^0, A^'^-" (A.7) 

V 2 ?/ - 1 y V%y - 1 



Aside from the extra cubic term, this model is again of the O'Raifeartaigh form ( |A.1|) , 
and it has y = 2 y-i ^ l - ^he cu bic term does not affect the mass matrices around the 
pseudo-moduli space fa = 0, and so the calculation of the one-loop effective potential is 
unchanged. Thus, the general formula (|2.14j ) still applies, and it yields ( |A.3|) with the 
couplings replaced by ( |A.7| ). 

A. 2. Example 2: Witten's SU(5) "inverted hierarchy" model 



This model has also featured in many early model building attempts [14,22-24 



W = -hXTr A 2 + -ATr A 2 B + fX (A.8) 
2 2 

where the original motivation was to explain dynamically the hierarchy between the weak 
scale and the GUT scale. Here A and B are adjoints of an SU(5) global symmetry, which 
in the original models was gauged and identified with the GUT group. Supersymmetry 
is broken because the X and B equations of motion are inconsistent ||14|| . The R-charge 
assignments are R(X) = R(B) = 2 and R(A) = 0. 

This model has a one-dimensional pseudo-moduli space (up to global symmetries) 
given by 



2 f h hX 
A = ±id 3Qh j ^ diag(2, 2, 2, -3, -3), B = — diag(2, 2, 2, -3, -3), X arbitrary 

(A.9) 

which spontaneously breaks SU(b) — > SU(3) x SU(2) x £7(1). As in the y > 1 phase 
of the previous example, we can put this in the form (|2.6| ) by expanding around this 
pseudo-moduli space with a unitary transformation and constant shift: 

A 

- - 1 (hX I A ° U J + f^ 3 B J 2 ) (A.10) 

V30/i 2 + A 2 

X 




V30/1 2 + A 2 
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Here A 22 , -B22 and A 33 , £? 33 are adjoints of SU{2) and 577(3) respectively; and A 23 , A 32 , 
-B23, -B32 are bifundamentals of £77(2) x £77(3). With this transformation, the superpo- 
tential becomes 

W = fX + 1-hXTr (3A 2 33 + A 32 A 23 - 2A 2 22 ) + mTr (4A 33 S 33 - A 32 B 23 - A 23 B 32 - 6A 22 B 22 ) 



2 

+ Mob + (cubic) 



(A.11) 



with 



J V30/1 2 + A 2 V30/i 2 + A 2 v^V30/i 2 + A 2 ' ^ v ^ 

(A.12) 

From this, it is straightforward to compute the matrices M and N, substitute into 
( [2.13]) (|2. 14 ), and integrate. (Note that although there are Goldstone bosons in the spec- 
trum because of the spontaneously broken ££7(5), the matrix M is still non-degenerate.) 
We again find that the second term of ( |2.14j ) is zero, while the first term is not. The final 
result is: 

2 _ 3//i 3 A 4 (968 log 11 - 288 log 9 + 600 log 5 -3038 log 2 - 529) 
mx ~ 32tt 2 (30/* 2 + A 2 ) 2 > ° (AJ3) 

A. 3. Example 3: the ££7(2) "rank condition" model 

For our final example, let us study the simplest "rank condition" model of [Hf, namely 
the one with 577(2) global symmetry. The SU(Nf) generalizations of this model have 
featured in many of the recent efforts at O'Raifeartaigh model building referred to in the 
introduction. The superpotential is 

W = hTr$<plp- /i^ 2 Tr$ (A.14) 

where $ is an adj © 1 and (p, <p are doublets under the SU(2) global symmetry. This model 
has an R-symmetry where -R($) = 2 and R(<p) = 0. The absolute minimum of the tree-level 
scalar potential occurs along the pseudo-moduli space (modulo global symmetries) 

.-(»»). *-(f). (A. 15) 

Although the pseudo-moduli space (X, Y) is two-dimensional in this case, we can imagine 
working at fixed Y, and then the theory for X is still of the form ( |2.1| ). To see this 
explicitly, we expand around a point on (|A.15| ), 

/5$oo M>oA (Y + f 1 Qr)6x + + f2<y)6 X -\ s= (£ + f20O8x+-fi<y)8x- 

\6$ 10 X )' * \ 8^ J \ S<Pi 

(A.16) 
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where fx(Y) = (1 + |y| 4 //" 4 )" 1/2 and f 2 (Y) = (1 + \Y | 4 //" 4 )" 1/2 ^ 2 //U 2 - Then the super- 
potential becomes 



W = ( hX(6<p 1 6<pi-fi 2 )+^6$o 1 6<p 1 +hY6$ 1Q 6<pi^ + \ ^ ~ ^oo^X+j + (cubic) 

(A.17) 

where (cubic) refers to terms that are cubic in the fluctuations. We see that to quadratic 
order, the model splits into two disconnected sectors - the first is an O'Raifeartaigh-type 
model of the form (|2.1|) and the second is supersymmetric and massive. At one-loop, the 
effective potential for X comes solely from the first sector. It has 



/ ^ o\ 



M 






V hY 



Y 



hY 

/ 



N 



/0 h 0\ 

h 



Vo o o 0/ 



(A.18) 



From this, we compute T using ( |2.13| ) and substitute into (|2.14|) to find m 2 x . We again 
find that the second term vanishes, while the first term is nonzero and gives the positive 
result 



m\ = 



1 



167r 2 frV J 
h 4 



V 2 + ft2|y|2)( v 2 + ^)( V 2 + ^2|y|2 + W 

y| 4 -tV 



87r 2 |y| 2 (|y| 4 -//4) 



F| 8 lot 



|y 


4 + ^ 4 




y 


4 



(A.19) 



-^ 8 log 



In the limit |y| — > (which is where the potential for Y is minimized ||11|| ), it reduces to 

2 feV0og4-l) 



7/7 



a: 



8tt 2 



(A.20) 



which is precisely the answer obtained in [ TI \ . 
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